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Abstract 
Solar electricity generation using concentrating solar thermal collectors faces the challenge of strongly decreased 
levelized electricity costs by photovoltaic power plants. One of the selling points favouring solar thermal power is the 
possibility to generate dispatchable power. Concepts discussed here are solar hybridization of conventional or 
biomass thermal power plants. Another option is the use of thermal energy storage (TES) charged with solar heat 
which allow to drive the generation of electricity by steam turbines also during hours with no or low solar irradiation. 
Usually the solar fields of solar thermal power plants utilizing storage with several hours capacity will be much larger 
than those of plants without storage. This contributes to much higher cost per installed capacity in the case of storage 
utilization. In this paper the question shall be tackled in a rather fundamental way whether the combination of solar 
thermal power with cheaper photovoltaic systems plus minimum solar thermal power with storage may give lower 
levelized electricity cost plus dispatchability than either photovoltaics alone or solar thermal power alone.. 
For the investigation of a combined PV-enhanced solar thermal power plant no specifically developed software was 
available. Therefore the simulation of the photovoltaic plant and the solar thermal power plant including TES was 
done individually. For the solar thermal power plant TES storage capacity and solar field area were varied. Solar field 
area ranged between solar multiple of two and below one. The latter choice would have been senseless without PV-
enhancement. Hourly power generations profiles over a complete year were combined and matched in order to 
generate electricity according to a prescribed demand curve. Using dispatch prescriptions the scheduling of solar 
thermal power was controlled. With typical generic cost data and variations of those in a sensitivity study the 
combined levelized electricity cost were determined and analysed. 
Photovoltaic generation and solar thermal power generation via thermal energy storage may produce high annual 
capacity factors above 50% due to dispatchable solar power from the thermal storage. Depending on the climatic 
conditions and on seasonal and daily load profiles the combinations of photovoltaic and solar thermal power may 
change. Many open questions have to be solved in order to proceed with the basic idea of PV-enhanced solar thermal 
power generation. Real cost data and optimization requires a specific project case. Then also the selection of the most 
promising photovoltaic technology and the different solar thermal technologies may be discussed in more detail. 
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1. Introduction 
In order to generate electricity from renewable energy sources we have a variety of possibilities 
available: Wind turbines and photovoltaic generators produce fluctuating electricity strongly varying with 
solar and wind resource over time. With increasing capacities of these source within a grid which has to 
satisfy a variable but  more steady demand pattern as well we require dispatchable power production in 
order to fill the gaps where neither wind nor solar resource is sufficient. On the other hand we may end up 
in situations where generators have  to be disconnected from the grid as demand is exceeded.  
Dispatchable renewable power may be provided by some kind of storage system, either using biomass 
or hydrogen produced from wind and solar for carbon-free combustion processes driving turbines and 
generators, or – and I will focus on this possibility – using solar thermal power utilizing concentrating 
collectors in combination with high-temperature energy storage (HTES). 
Photovoltaic solar power generation has decreased investment cost appreciably over  the last years due 
to the success of many feed-in laws stimulating the market growth, competition and technology 
development. For solar thermal power (STP) the worldwide installed capacities are nearly two orders of 
magnitude smaller than those of photovoltaics. Therefore at the moment investment costs and levelized 
electricity cost (LEC) are higher than for PV power plants. Nevertheless in a future renewable energy 
system STP may have a substantial role because of dispatchability, and the cost degression potential due 
to learning curves is promising. 
In this paper I want to propose and analyse the combination of solar thermal power plants having large 
storage capacities with photovoltaic generation from CPV - suitable for the same regions as CSP - in order 
to minimize total generation costs for a system providing solar electricity not only 2500 full load hours 
per year but in a range of 4000 to 6000 hours. Dispatchable solar power is the key requirement for this 
concept and I will show that by combining the advantages of STP with the lower cost of photovoltaics the 
system will be optimized.  
 
Nomenclature 
 
ASF total collector aperture area 
 b1 linear heat loss coefficient 
 b2 quadratic heat loss coefficient 
 Cinvest total plant investment (EPC price) 
 CO&M,ann. annual cost for operation and maintenance 
 cland land cost including site preparation 
 cPB spefic cost of the power block in € per kWel installed 
 cSF specific solar field cost in € per m2 collector aperture, including cost for piping and 
solar field installation 
 Cl mean cleanliness factor 
 DNI direct normal irradiance in W/m2 
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 Eel,net,ann. annual electricity production (plant availability considered separately) 
 fannuity annuity factor 
 favail. factor for plant availability 
 fEPC Surcharge for EPC, project management and risk 
 fins.,ann. annual insurance rate – fraction of total plant invest 
pipelossq  aperture-specific heat loss in the solar field connection piping 
ambT  ambient temperature 
in,fT  solar field inlet temperature of the fluid 
out,fT  solar field outlet temperature of the fluid 
Greek Letters 
Js sun azimuth angle 
Ds sun elevation angle 
 ηopt,0 optical collector efficiency for perpendicular sun position 
Abbreviations  
CSP Concentrating Solar (Thermal) Power 
EPC engineering, procurement, construction 
LCOE levelized cost of electricity 
O&M operation and maintenance 
1.1. Approach 
In order to cost-optimize a real solar thermal power plant (STPP) with photovoltaics component prices 
and labour costs would be required. As these prices are changing on the world market depending on 
regions, on market situations and technology providers only a reasonable cost estimate for a hypothetical 
EPC provider is provided here in cost categories for solar field including HTF-system, storage system and 
power block including balance of plant (BOP).  
The economic optimization case in this paper is not taking into account possible tariff schemes which 
may reflect the demand patterns variable with time (e.g. for a cooling dominated climate) or the need for 
dispatchable power which would be valued better than non-dispatchable power. As a measuring stick for 
optimizing an hypothetical PV-enhanced solar thermal power plant (PVE-STTP) of 50MW we only use a 
simplified levelized electricity cost calculation. 
The levelized cost of electricity LCOE is here calculated using the annual electricity production with 
some additional economic assumptions. For annual electricity production calculations were made using 
data for Daggett (California) being an excellent location for CSP with a long term mean DNI of 2791 
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kWh/(m2a) [1]. However the case is only exemplary and  real project economics might be completely 
different in the US due to tax considerations, market conditions, financing options and tariff structure. 
The LCOE is calculated using a simplified method proposed by Roy et al. [2]. 
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For the case to PVE-STTP we used in our modelling an STTP type similar to the project Andasol 1 using 
the Eurotrough collector characteristics, thermo oil as HTF and an indirect two-tank molten salt storage 
systems. Details of the solar field model are described in chapter 1.2. The STPP has no fuel burner and 
operates in combination with the storage in solar-only mode. Auxiliary power consumption is taken into 
account reducing the overall electricity generation but is not modelled in detail. 
 As PV option we choose a generic CPV generator with high concentration, 30% module efficiency and 
98% inverter efficiency. Further assumptions used for the modelling of the annual electricity production 
and the LCOE calculation can be found in Table 1.  
The model calculation uses an hourly quasi-static model for the solar field combined with the storage 
which was implemented in Excel. The turbine efficiency is reduced when operating in part-load. For the 
thermodynamical efficiency wet-cooling is assumed in a simplified way with a resulting condensation 
temperature of 35°C independent of season and time of the day. 
1.2. Model for the parabolic trough solar field 
The useful thermal output of the solar field is calculated from the difference of the total absorbed 
power and the thermal losses. The model equations used here have been presented and discussed already 
in detail by Morin et.al. [ 6]. The simulation parameters are given in Table 1. 
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Table 1. Simulation parameters 
Technical data Symbol Unit Parabolic 
trough 
 
Site     Daggett/USA 
Irradiation Data DNI kWh/(m2a) 2791 [1] 
Aperture area of the solar field ASF m² variable 
Specific land requirement fland  -  3.5 
Average cleanliness * field availability Cl*xfield  -  0.96 
Maximum optical efficiency  Kopt,0  - 0.78 
Thermo oil temperature at field inlet Tf,in °C 293 
Receiver heat loss coefficients b1 W/(m2K) 0.0 
 b2 W/(m2K2) 0.00047 
Thermo oil temperature at solar field outlet Tf,out °C 393 
Specific auxiliary power of the solar field   W/m² 6 
Specific auxiliary power of the power block   MWel/MWel 0.030 
Specific thermal losses of field piping qpipeloss W/m² 10 
Nominal gross electrical output   kW 50000 
Nominal gross efficiency of the power block   MWel/MWth 0.38 
Operation and maintenance       
Costs       
Specific costs for the solar field/HTF-system cSF €/m² 345 
Specific costs for the power block/POB cPB €/kWel 1000 
Specific costs for the two-tank storage cST €/kWhth 50 
Specific land costs cland €/m² 5 
Annual insurance costs fins.,ann. per a 1% 
Annual O&M costs  Per a 3% 
Useful life and amortisation period n years 25 
Interest rate i % 8% 
Surcharge for EPC, project management and risk fEPC % 15% 
Total plant availability favail,plant  -  0.96 
 
2. Results for CSP and CPV only power plants 
2.1. Comparison of STPP model results with Andasol 1  
In order to gain confidence in the hourly model in a first step the case of Andasol 1 situated in Spain 
close to the city of Guadix was modeled. Also cost assumptions were taken reproducing approximately 
the data published by Solar  Millenium about Andasol 1 [7]. 
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The DNI for the simulated year was 2198 kWh, the annual average air temperature 17.5°C. Due to the 
seasonal variation and the latitude the production in summer is much higher than in winter time. The 
annual gross electricity production was 183 GWh and net electricity production 166 GWh. 
The cost comparison for the individual cost shares are given in the next table. They are based on 
specific component costs given in Table 1. The comparison with a cost break down published for Andasol 
1 indicates that the individual assumptions are consistent and represent well the status for 2010. 
Table 2. Cost break down for 50 MW reference STPP with 7.5h storage 
Cost category Calculation [Mio. €] Andasol 1 [Mio. €] 
Solar field  176.0 177.3 
Storage 50.8 51.8 
Power block/POB 50.0 49.6 
EPC+other 47.4 44.5 
Total 324.1 323.2 
2.2. Results for a CPV-power plant 
The modeling of the CPV plant is less detailed than the STPP model. We just assume a constant 
module efficiency, an efficiency of 98% for the inverter, and a combined annual reduction factor of 0.96 
for cleanliness and plant availability. The cost structure also is very simple: The framework is given by 
Table 1 and individual specific costs are 700 €/kWp for the module, 250 €/kWp for the electrical system 
including inverter and BOP, and 450 €/kWp for the tracker system including installation and civil works. 
Please observer that this results in an overall project cost of approximately 1.7€/kWp, compared to the 
default CPV case in the Solar Advisor Model (SAM) Version 2013.1.15 where the total system cost are 
just above 4 €/kWp. Here we took very optimistic data for a generic system in order to show the principle 
advantages. If real systems cost or performance differs the balance might be different but the main 
conclusions will be identical as long as CPV is considerably cheaper per installed kWp compared to CSP. 
 
 
Fig 1.  Monthly electricity production in Guadix/Southern Spain a) of 50 MW STPP (Parabolic Trough with 7.5h molten-salt 
storage, left) and b) 50 MW CPV-PP (right) 
Table 3. Cost break down for 50 MW CPV power plant 
Cost category  Calculation [Mio. €] 
CPV modules   35.0 
Tracking and labour  12.5 
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Inverter/POB  22.5 
EPC+other  14.6 
Total  84.6 
2.3. Comparison of CSP and CSP-power plant 
It is obvious from the data presented above that for the given assumptions the solar thermal power plant is 
producing more electricity due to the storage extension. The solar field is much larger because of the 
requirement to charge the storage. Therefore the cost of electricity produced is much higher than for the 
CPV case. Also the seasonal performance is more pronounced and the generation in winter time is even 
smaller in spite of the storage than  for the CPV power plant. The data for the location Guadix in Southern 
Spain are compared directly in Table 2. From these numbers it seems very difficult to convince power 
producing companies to invest in CSP power plants – although the storage option allows some generation 
during evening and night time and is dispatchable. 
It may be conceded that the cost data for CSP are rather conservative and rationalization will drive down 
the cost since the first installation of Andasol 1 in 2009. The ESTELA roadmap document predicts a 
pronounced decrease in cost for the next generation for solar field and storage. We assumed therefore a 
decrease by 20% for the solar field and by 30% for the storage. This reduces LEC from 19.3 ct/kWh 
down to 15.9 ct/kWh in the case of Dagget (Table 3). Nevertheless the difference to PV seems to be too 
large with a factor of  nearly 2.  
Table 2. Main results of the reference cases (site: Guadix in Southern Spain with an annual sum of DNI of 2198 kWh/(m2a)) 
  CSP CPV 
LCOE [€ct/kWh] 23.7 10.3 
Gross turbine power [MWel] 50 50 
Solar field size [m2Aperture] 510 116 177 154 
Electric Energy prod. (gross) [GWh/a] 183 110 
Electric Energy prod. (net) [GWh/a] 166 110 
Full load hours [h] 3662 2198 
 
Table 3. Main results of the reference cases (site: Dagget in Southern California with an annual sum of DNI of 2791 kWh/(m2a)) 
  CSP CPV 
LCOE [€ct/kWh] 19.3 8.1 
Gross turbine power [MWel] 50 50 
Solar field size [m2Aperture] 510 116 177 154 
Electric Energy prod. (gross) [GWh/a] 224 139 
Electric Energy prod. (net) [GWh/a] 206 139 
Full load hours [h] 4483 2791 
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3. Combination of CSP and CPV 
The basic idea leading to a combination of an CPV-enhanced solar thermal power plant is that the 
expensive solar collector field is very large and should be reduced in size. In conventional CSP design the 
solar field is needed to produce solar electricity during the day (and about a solar multiple of 1.4 to 1.6 is 
used here typically). In order to be able to charge the storage the solar field is enlarged typically 
equivalent to a solar multiple around 1 to 1.5 for a storage capacity of about 7-8 hours.  
To optimize dispatchable solar electricity production, the direct solar electricity produced during the 
day could be generated by the cheaper PV technology. Parabolic trough fields will only be used and 
dimensioned for charging the storage. However a disadvantage may be that the investment for the turbine 
is less economical as there are less turbine full load hours when daily electricity is provided by CPV. This 
question has been solved in some case studies which will be presented in the following. 
Starting from this idea we changed the operation strategy in the STPP – whenever there is CPV power 
available the STPP will only be run to an extent to fill up the gap to 50 MWel gross production. The 
priority is on charging the storage during daytime. Only after charging the store completely or when the 
CPV power is not sufficient to reach the nominal 50 MW, the turbine may operate. The solar field size 
will be reduced to optimize the combined LEC resulting from the combine electricity generation and the 
combined investment and O&M costs. The reduction will be larger when the relative cost of turbine and 
BOP will be smaller, i.e. for larger power plants. The following graph for two days in the year illustrates 
the operation strategy (for CPV nominal capacity 75 MW).  
 
Fig. 2.Daily generation profile for 50 MW CSP (12h storage) plus 75 MW CPV power plant 
Q_CPV (blue): generation of CPV; Q_CSP (red): electricity generation on top of CPV by CSP 
- two days in summer 
In Fig. 2 one can see the generation from storage by the CSP plant (in red) trying to fill also gaps 
where CPV generation is below 50 MW. On the first day, when the storage is fully charged, a surplus 
production of CSP electricity exceeds the 50 MW nominal target. 
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Fig. 3.Daily profile for 50 MW CSP (12h storage) plus 50 MW CPV power plant 
Qnet (red): thermal energy from solar field; Qel (blue): electricity generation for CSP + CPV 
DNI (black): direct normal radiation; XSTO (green): storage charge state (max = 1000) 
 (left) CPV and CSP operated independently (right) CSP with charging priority during daytime 
(upper) 21st March (lower) 21st June 
Fig. 3 shows that due to the priority charging of the storage for days with little solar irradiation at least 
some hours in the evening can be operated due to the charged storage (upper day). For days with high 
irradiation a 24h operation is possible, and during the afternoon when the storage is fully charged, an 
increased production due to parallel operation of CPV and CSP occurs. 
When a STPP with 12h storage is optimized with respect to solar field size, for the case of Daggett 
simulated only about 5880h operation (5518 full load hours FLH) may be achieved for a LEC of 0,152 
€/kWh. When CPV operation and CSP are coupled in the way described above, an operation time of up to 
7300h may be achieved with lower cost (LEC 0,124 €/kWh). This variation with the relative size of the 
CPV power plant (factor r gives CPV capacity related to CSP capacity) is shown in Figure 4.  
There is a considerable increase in dispatchability. For example, for the 75 MW CPV plant coupled 
with 50 MW CSP the number of hours where the plant is operated dispatchable from the storage is 
increased from 1100h to more than 3000h. The number of hours where electricity would be required but 
the storage is empty decreases from about 5500h to 2500h. (see also Appendix A for carpet plots showing 
storage operation in this case). 
It is obvious – as long as there are no higher tariffs for dispatchable electricity for a given 
configuration of CSP and CPV the highest output and hence the lowest LEC will be for independent 
operation. However, in a combination a much higher operation time during is achieved at reasonable cost. 
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Fig. 4.Combined STPP 50MW with 12h storage and variable CPV capacity 
Annual operation hours and LEC is plotted against capacity multiple r of CPV over CSP (i.e. for r=2,0 CPV capacity is 100 MW) 
4. Conclusions 
A possibility has been presented to couple a STPP with storage with a CPV plant in order to maximize 
the operation time of the overall plant. Using the opportunity to supply electricity during daytime by CPV 
and priority charging of the storage connected to the STPP the percentage of hours with dispatchable 
electricity from thestorage is nearly tripled. The LEC for the combined CSP-CPV plant is lower than for a 
STPP without CPV. Therefore this approach might be a strategy to introduce STP into a renewable 
energy market with the need for dispatchable electricity generation. More detailed studies are needed in 
order to optimize the operational strategy. 
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